High resolution FTIR spectra of the short lived species ketenimine have been recorded in the regions 390-1300 cm −1 and 20-110 cm −1 using synchrotron radiation. Two thousand six hundred sixty transitions of the ν 7 band centered at 693 cm −1 and 126 far-IR rotational transitions have been assigned. Rotational and centrifugal distortion parameters for the ν 7 mode were determined and local Fermi and b-axis Coriolis interactions with 2ν 12 are treated. A further refinement of the ground state, ν 12 and ν 8 parameters was also achieved, including the treatment of previously unrecognized ac-axis and ab-axis second order perturbations to the ground state.
I. INTRODUCTION
The short lived molecule ketenimine (CH 2 CNH, Fig. 1 ) was tentatively identified in a cold matrix by Jacox and Milligan 1 and its identity confirmed using low resolution matrix isolation vibrational and electronic spectroscopic techniques by Jacox. 2 In the gas phase, it was characterized first by microwave spectroscopy 3, 4 and subsequently by photoelectron spectroscopy. 5 Since ketenimine is a structural isomer of acetonitrile, a known interstellar molecule, it was predicted to be a probable chemical component of the interstellar medium. In 2006, ketenimine was located by Lovas et al. 6 in the star forming region Sagittarius B2(N) by observing microwave emissions predicted from rotational constants determined by the previous microwave study. 4 The microwave assignment of Rodler et al., 3 was subsequently revised in a later rotation-inversion study by Rodler et al. 4 and those rotational constants have recently been improved by incorporating combination differences from the ν 8 mode into the ground state (G.S.) least-squares fit. 7 A small inversion splitting was observed in the microwave study of Rodler et al., 4 however, in this work we assume the symmetry of the molecule to be C s since inversion splitting was not resolved, and therefore the normal modes have A and A symmetry.
The low frequency modes of ketenimine and molecules of similar structure, such as ketene, 8 thioketene, 9 methyleneimine, 10 formaldehyde, 11, 12 and thioformaldehyde, 13 have been shown to exhibit a high degree of Coriolis coupling and consequently complex ro-vibrational structure. The strongly Coriolis coupled ν 12 and ν 8 modes of ketenimine were analyzed in our previous high-resolution FTIR study, 7 which uncovered an a-axis Coriolis interaction of sufficient strength that the rotational constants of the a) Author to whom correspondence should be addressed. 14 however, due to the complexity of the ro-vibrational structure a satisfactory set of molecular constants for ν 6 could not be derived.
In this work, we present the assignment and analysis of the G.S. and ν 7 mode of ketenimine. Both are perturbed by resonances with the previously studied ν 12 and ν 8 system of strongly Coriolis coupled modes, and/or their overtones and combination bands (which are also strongly coupled). In order to derive an improved set of ground state, v 12 = 1 and v 8 = 1 rotational constants to adequately fit the new data, we have refitted the microwave data together with the observed pure rotational transitions in the far-IR and ground state combination differences (GSCD) from both this study and the previous high-resolution IR study. 
II. EXPERIMENTAL
The transient species ketenimine was generated by flow pyrolysis of 3-hydroxypropionitrile as described previously. 7 Under the experimental conditions formaldehyde, hydrogen cyanide, carbon monoxide, and acetonitrile are also present in varying concentrations depending on the precise experimental conditions. Acetonitrile is present from the rapid tautomerization of ketenimine, a reaction studied theoretically by Doughty et al. 15 whilst the other species are the side products of the pyrolysis. From the microwave studies the half-life of ketenimine in the cell was <1 s and our flow experiments are consistent with a similar half life. The optimum experimental conditions were found to be an oven temperature of ∼1100
• C, to ensure the precursor was completely decomposed, whilst pumping the products through the multi-pass White cell at a rate high enough to ensure that the amount of the more stable acetonitrile conformation was minimized.
The experiments were performed at the Australian synchrotron, using the infrared synchrotron edge radiation continuum source and a Bruker IFS 125HR spectrometer capable of achieving a nominal resolution of 0.001 cm −1 . The spectrum was recorded in two separate spectral regions, between 770 and 390 cm −1 (region 1) which utilized the synchrotron source and between 1300 and 700 cm −1 (region 2) using an internal source. Both regions were recorded using a KBr beam-splitter. A silicon-boron bolometer equipped with a cold filter cutoff at 770 cm −1 was used for region 1 and a mercury cadmium telluride detector for region 2. For region 1 an aperture of 3.15 mm was used, which is wide enough for the already highly collimated synchrotron beam to pass through unimpeded, whereas for region 2, a 1.5 mm aperture was used. Both regions were scanned at a speed of 40 kHz. The pressure within the cell was maintained at ∼0.3 mbar, with optical path-lengths between 8 and 18 m and the temperature in the cell was assumed to be 300 K for simulations. Overall 58 and 19 spectra were recorded in regions 1 and 2, respectively, separately averaged then apodized using a 4P function and post-zero filled by a factor of 8. Region 1 was recorded at the highest spectral resolution of the instrument, thus, requiring ∼12 h of continuous flow pyrolysis to obtain the data. Region 2 was recorded at a spectral resolution of 0.002 cm −1 and required significantly less recording time. The pure rotational structure was also recorded using the synchrotron source in the far-IR region between 20 and 110 cm −1 (region 3). The experimental conditions were identical to the recording of regions 1 and 2, however, the spectrometer was equipped with a 75 μm mylar beam-splitter and silicon bolometer. An aperture of 12.5 mm was used and spectra were scanned at a speed of 40 kHz. Overall 83 scans were recorded at the instrument's highest spectral resolution and averaged. This was then apodized using a 4P function and post-zero filled by a factor 8 to produce the final far-IR spectrum. All spectra were calibrated by comparison with water line positions from the HITRAN database. 16 Density functional calculations were performed using GAMESS (Ref. 17) at the B3LYP/cc-pVTZ level of theory and were input into the harmonic force-field analysis program VIBCA (Ref. 18) as described in the previous study. 7 The primary objective of the calculations was to determine the values for the derivatives of the component of the reciprocal moment of inertia tensor, α i , which are a measure of the strength of Coriolis interactions between the G.S. and mode i. These calculations were also used to predict the G.S. rotational and quartic (D and d) centrifugal distortion parameters. GAUSSIAN (Ref. 19 ) DFT calculations at the same level of theory provided a prediction of the sextic (H) centrifugal distortion parameters.
Spectral simulation data are achieved by inputting the parameters obtained from the fits into Pickett's prediction software SPCAT. 20 The resulting calculated transitions were then convolved with a Gaussian line shape, with appropriate FWHM (∼0.002 cm −1 ) to produce a simulated spectrum.
III. RESULTS/DISCUSSION
The section of region 1 containing the ν 7 mode of ketenimine is shown in Fig. 2 (a) (∼83% of the assigned transitions were picked from this region). The spectrum is contaminated with the ν 2 mode of HCN, 21 an undesired by-product of the pyrolysis, centered about 712 cm −1 . Since HCN is a linear rotor with simple ro-vibrational structure, transitions attributed to this molecule introduced little complication to the analysis. ν 7 , a CH 2 wag with A symmetry has predominantly c-type character with selection rules oe↔ee and eo↔oo ( K a = ±1, ±3,. . . , K c = 0, ±2. . . ). The ν 7 spectra were peak-picked and presented in the Loomis-Wood format using MacLoomis, 22 which groups regularly spaced lines, such as those differing in J but sharing constant K a , into approximately vertical series of constant K a . Presenting the spectra in this way allowed series up to K a (max) = 9 to be assigned quantum numbers, with J(max) = 52. Overall, 2660 ro-vibrational P, Q, and R branch transitions were assigned to this mode, and given an uncertainty of 0.0002 cm −1 (10% of the FWHM of the peak) in the fitting procedure. These assignments were confirmed by comparison of the experimentally determined ground state combination differences with those generated from the known ground state constants. The assigned transitions were least-squares fitted to Watson's S-reduced rotor Hamiltonian in the I r representation using Pickett's SPFIT. 20 The S-reduced Hamiltonian was used for consistency and comparison with the previous work. From the resultant high residual errors in this fit, it was apparent that the system contains perturbations.
A. Fit and treatment of perturbations to the G.S.
Prior to a successful fitting of the ν 7 mode , the G.S. parameters needed to be improved because the previous study incorporated GSCD up to K a (GS) = 7 only, and the resultant constants were inaccurate for the range of K a (GS) recorded in this study. The ν 7 mode contains GSCD up to K a (GS) = 10, and a least squares fit to these, the observed transitions from the microwave study 4 and the GSCD from the ν 12 and ν 8 modes from the previous IR study 7 was performed. It was found that only combination differences involving states with K a (GS) ≤ 8 could be accurately fitted with low residual error and it was apparent that the K a (GS) = 9 and 10 states are perturbed. Consequently, it was necessary to fit the ground state together with the coupled low frequency modes to obtain a satisfactory fit. Although it is rare for the G.S. to be perturbed, the iso-electronic molecule thioketene has also been shown to exhibit this same property in a previous study by McNaughton et al. 9 The DFT calculations determined that the most significant interactions between the G.S. and excited states were acaxis and ab-axis second order Coriolis interactions with the lowest energy modes ν 12 (409 cm −1 ) and ν 8 (466 cm −1 ), respectively. Parameters describing these interactions were introduced to the fit, and the microwave transitions, 3 the GSCD from the ν 12 , ν 8 , and ν 7 modes and the IR ro-vibrational transitions of ν 12 and ν 8 were co-fitted (see below for weightings).
The resulting co-fit obtained improved G.S. parameters, which were used to simulate the μ a and μ c components of the pure rotational spectrum in an attempt to locate and assign transitions that occur in far-IR spectrum above 20 cm −1 . The dipole moments used in the simulation were μ a = 0.434 D and μ c = 1.371 D as determined by the microwave study. 3 The experimental far-IR spectrum contained a large number of lines from other products of the pyrolysis, as well as regions of high noise. The simulation did, however, locate with high accuracy some weak, μ c -type rotational structure attributed to ketenimine, which corresponded to the strongest features of the simulation. Three Q-branch heads with K a max (G.S.) = 8, which were not engulfed by noise or other structure, were assigned and included into the fit, with results shown in Table I . This fit is available in the supplementary material. Figure 3 shows the excellent agreement between experiment and simulation for a section of the far-IR spectrum.
The final fit of the G.S. rotational structure of ketenimine included 29 rotational microwave transitions with varying but small uncertainties taken from the original microwave work, 3 126 Q-branch far-IR rotational transitions with an uncertainty of 0.0002 cm −1 , 2025 IR ro-vibrational transitions with an uncertainty 0.0002 cm −1 to the ν 12 and ν 8 modes and 5761 IR GSCD from the ν 12 , ν 8 , and ν 7 modes with an uncertainty of 0.00028 cm −1 and resulted in a fit with root mean square (rms) deviation = 0.877. It was found during fitting that one of the few b-type microwave transitions could not be fitted to acceptable accuracy and skewed the fit. This high J transition was "weighted out" by giving it an effectively infinite uncertainty of 999 MHz.
It can be seen from Table I that the fitted G.S. parameters are of comparable value to those of previous studies and to the theoretical predictions. The centrifugal distortion parameters d and the majority of the higher order H parameters for all the three states involved in this fit were constrained to be equal to each other, but allowed to vary during the fit. Table II . G.S., ν 12 , and ν 8 energies calculated from the parameters in Table I Local, second order perturbations with both modes of the ν 12 , ν 8 strongly Coriolis coupled system were identified and treated. The fitted parameters, η i , can be related to the calculated value of α i by the equation in, for example, Watson.
where q i is the normal co-ordinate of the mode i (Note Eq. (1) has been modified from that presented in Watson 24 and is presented in terms of rotational constants as opposed to rotational moments of inertia). Upon substitution of the fitted values and assuming q i = 1/2 we obtain values of α The necessity to fit these second order Coriolis interaction terms explicitly arises from the high dependence of the spacing of K a levels on A. As seen in Fig. 4 , interacting v 12 = 1 levels draw nearer with increasing K a . Equivalent interactions, e.g., ν i ↔ ν i + ν 12 , will affect high K a levels of every other vibrational level in ketenimine also. In addition an effective fit which does not include any of the perturbed states was performed with results also shown in Table I . These parameters now more accurately describe the G.S. (as well as the ν 12 , ν 8 system), and an accurate fit of ν 7 up to the recorded limit of K a is now possible.
B. Fit and treatment of perturbations to v 7 = 1
The most probable candidate for an interaction with v 7 = 1 is v 12 = 2 (∼818 cm 1 ) since it is the closest in energy and strong Coriolis interactions with the next state up (ν 8 + ν 12 ) result in a very small effective A rotational constant for 2ν 12 compared with that of v 7 = 1. Because no 2ν 12 transitions were observed, (ν 12 itself has a very low predicted IR intensity of 0.008 D 2 Å −2 amu −1 and the overtone would be expected to be weaker still), this state must be introduced into the fit as a dark state, and we rely purely on theory to describe it since no experimental data is available. The band centers, ω, of the overtones and the combination bands were predicted using the harmonic approximation
Calculations to determine anharmonic contributions to ω proved unreliable, and the harmonic approximation was considered sufficient. The rotational and centrifugal distortion parameters for overtones and combination bands can be calculated using the following approximation:
v 12 = 2 is itself strongly coupled directly to v 12 = 1 + v 8 = 1 and indirectly to v 8 = 2. Equation (4) adapted from the theory presented in, for example, Nakagawa and 
As can be seen in Table I , the value of G
is large, and the interactions between the combination and overtone states cannot be ignored when attempting to describe these modes.
Equations (2)- (4) describe all of the parameters required to approximate the location of the energy levels of the three dark-states, from parameters presented in Table I . 2ν 12 has A symmetry implying Fermi and b-axis Coriolis interactions with ν 7 are symmetry allowed, and the parameters describing these were introduced to the fit. With the introduction of the dark state system and the interactions between ν 7 and 2ν 12 , along with the improved G.S. parameters, a satisfactory fit was achieved, with the resultant rotational parameters shown in Table II . All parameters describing the strongly Coriolis coupled dark-states system, except the band center and the A rotational parameter of v 12 = 2, were constrained to their values calculated using Eqs. (2), (3), and (4) during the fit. This fit is also available in the supplementary material. 23 The ν 7 fit incorporated 2661 ro-vibrational transitions with an uncertainty of 0.0002 cm 1 and delivered a fit with rms dev = 0.748. Again, d 2 was omitted since it did not significantly improve the fit and could not be determined with acceptable accuracy. The fitted band center of ν 7 (692.9 cm 1 ) compares well to the value calculated by DFT calculations in previous work 7 of 692.0 cm 1 . The band center and A rotational constants of 2ν 12 were allowed to vary since this greatly reduced the rms dev of the fit and the values obtained did not vary greatly from the predicted values. The band center and A of 2ν 12 were fitted to ∼1% and 5%, respectively, of their theoretical values. All other rotational, centrifugal distortion, and interaction parameters associated with the dark-states were constrained to their theoretical value (except the Coriolis interaction between ν 7 and 2ν 12 ). Although the dark state system treats the perturbations in ν 7 well, it is a theoretical model that contains small errors, and such small deviations from calculated values are expected.
For the same reasons as outlined previously, an L KKJ term associated with v 7 = 1 was introduced, which significantly reduced the rms dev of the fit. This term "soaked up" a very small but anomalous J-dependant deviation of the residual error at K a = 8, which could be attributed to a very weak b-axis Coriolis resonance with v 8 = 1 (see Fig. 4) . Figure 4 gives an insight into the complex nature of the ro-vibrational structure of ketenimine. The symmetry of the ν 7 and 2ν 12 modes implies that both Fermi and b-axis Coriolis interactions are allowed between them. b-axis Coriolis interactions primarily occur between the states with K a = ±1, and it can be seen that the K a = 6 and 7 states of v 7 = 1 are very close in energy to the K a = 5 and 6 states of v 12 = 2. Similarly, Fermi interactions primarily occur between states with K a = 0, and Fig. 4 shows that the K a = 8 and 9 states of v 7 = 1 are very close in energy to the K a = 8 and 9 states of v 12 = 2. It is important to note that the states with K a = 6 and 7 can be satisfactorily fitted by introducing only the b-axis Coriolis interaction, implying that both interactions are local and primarily perturb only the states outlined in Fig. 4 .
IV. CONCLUSION
Ro-vibrational transitions within the Coriolis coupled ν 7 mode of ketenimine have been assigned and fitted to determine rotational, centrifugal distortion, and Coriolis interaction parameters. Local b-axis Coriolis and Fermi interactions have been treated between ν 7 and the 2ν 12 dark state. Introduction of the ν 8 + ν 12 and 2ν 8 dark-states proved necessary in the theoretical model describing 2ν 12 . Second, the G.S. parameters have been improved by incorporating GSCD up to K a (GS) = 10 in the G.S. fit. Ketenimine is one of the relatively few molecules where resonance perturbations are evident in the rotational levels of the ground vibrational state. Local perturbations at high K a (GS), attributed to interactions with the ν 12 , ν 8 system of strongly coupled modes, have been accounted for. The fitted values of α ac 12 and α ab 8 are in agreement with B3LYP/cc-pVTZ calculations. The parameters describing ν 12 and ν 8 have also been refined during the G.S. analysis. It can be seen from Figs. 2 and 3 that there is a good agreement between the observed and simulated spectra.
